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Fermilab:
e 1, fraction of vj3: — sin’ 0y
e mass hierarchy: — sign of dms3,
e CP violation: —sind # 0
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No 1ndication yet of nonzero 0,5 from
atmospheric, solar and terrestrial v
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Quest for v, fraction in v sin? 65

Current LBL (MINOS)

Atmospheric Neutrinos

Low and High Energy Solar Neutrinos
Supernova Neutrinos

Short Baseline Reactor (Double Chooz, ...)
Future Long Baseline (T2K, NuMI, BNL27?, ...)
Neutrino Factories

Beta Beams




MINOS:

packgrounds.

3 o Contours
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Has some sensitivity to v, above

Primary goal is to measure |dm3,| to 10%




e Atmospheric Neutrinos
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e Low and High Energy Solar Neutrinos
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Figure 6: The iso-contours of CC/NC = 0.31 at SNO and Qg. = 68.1 SNU in Ga experiments in
the sin? ;5 — sin® 613 plane for different values of Am3, : Am3; =9-107° eV? - the dotted lines;
Am3; =8-107% eV? - the solid lines; Am3; = 7-107> eV - the dashed lines.
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Short Baseline v, Disappearance: aka Reactor:

2
L Py, = 0201 [ g+ O (Siar)] 1 0 (B

atm atm
> % | <3% <0.1%
kinematical _ 5matmL _ 1 275matmL
phase atm = YR

The (9( l) VANISHES if

atm

dm?2, = cos?fiy dm3, + sin® 015 dm3,

= m3 — (cos? Oy m? +sin? 015 m3) = 6m3, when 013 = 0

Average v, mass in 1 and 2.

that could be measured in such an experiment.

Nunokawa, Zukanovich + SP
hep-ph/0503283

This is the |0m

atm‘

e Normal Hierarchy: |6m? > |dm?
y ’ atm‘e ‘ atm‘H Where |5mgtm’u from

v,, disappearance.
e Unfortunately difference is small 1 - 2 % !!! 6m2,, |, = om,

when 615 = 0

e Inverted Hierarchy: [6m?,, |. < lémitmIM
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e Pure measurement of sin®#;

— no contamination from
023 < = — 53 degeneracy.

2

With Off-axis measurements of v, — v,:

e of sin” 63 sin’ 65 can help resolve
T s 2
Oa3 < 5 — 023 degeneracy for sin” 2053 # 1.

e Help resolve hierarchy and sind # 0, maybe.




VAC LBL: V,u — Vp w CP violation !
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CP violation !l

Vy — Ve with MATTER
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Numerous Approaches to Studying v, < v, Transitions:

o Off Axis - Narrow Band Beams v,, — v, (T2K and NOvA)
e On Axis - Broadband Beam v,, — v, (BNL 2 HSK)
e Neutrino Factory v, — v,

e Beta Beams v, — v,




Off-Axis Neutrino Beams:

_ 0.43E.
Foy = (1+6242)

10
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Off-Axis the beams are Narrow!

approx. gaussian with spread
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GREAT !
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ry
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contamination in beam is small
0.5% and apprx known.)
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Sensitivity to 013

T2K:
Search for v, appearance
0! 90% C.L. sensitivities
: assumes o0 = 0
) i
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\ Question: What exposure
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Zero Mimicking Soln:
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NuMIl: NOvA, FLARE
Zero Mimicking Soln:

NOVA. 6,50 Mimicking Solutions:

sin &

vV Patm = —2\/ Psol COS(A32 1 5)




NOVA, FLARE:

Ullr -> Ue)> %
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L0 NOVA 10km: <E>=2.3GeV L=810km
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NOVA plus “NEAR” DETECTOR

—— Mena, Palomares, Pascoli
hep-ph/0504015

Neutrino - Neutrino

810km
@ 10 km OA o5 H-@B10Km L 1 @200km.
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Mass Hierarchy

1

from Off Axis

0.9 ¥ Moss Hierarchy

0.8 at 95% CL

Fraction of §

0.7

0.6

0.5

0.4

PD+NOVA+SNO,A

PD+New Long Baseline

0.3

]_0_4 0.2

0.1

)

v Factory

s
OCJ
= [
[ v Q.
M

—1
sin® 281,9

|
]

Fermilab Proton Driver Report




Leptonic CP and T Violation
in Neutrino Oscillations

CP .
V), < Ve = é956 Super-Beams
il e ¢ T
o2

&;@Q& = Ve < Uy, Nu-Factory




CP Violation and Leptogenesis

e For most Neutrino Mass Models there is a relationship between
the Dirac CP phase 6 and Majorana CP phases as, as.

e At a minimum they are all zero or all non-zero.

® o, g are responsible for Leptogenesis in the early universe by
allowing for different decay rates of Neutral Heavy Leptons:

N —1lT¢~and N — [~ ¢™

e B=21(B—L)+2(B+ L), however (B + L) violated.

e Hence the Dirac CP violating phase, ¢, is a handle on
Leptogenesis and hence Baryogenesis.




CP Violation:
NOvVA, FLARE
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Solving Degeneracies:
Reactor + Off Axis:

LBL LBL Reactor
Variable Vy = Uy | Uy — Ve | Ve — Vg Comments
Measured Uy — Ve
| Am3,| Y n n magnitude but not sign
sin? 20o3 Y n n tlo3 < 5 — la3 ambiguous
sin? 05 n n Y direct measurement
sin? B3 sin” 613 n Y n combination of 053 and 643
sign(Am3,) n Y n via matter effects
cos B3 sin do p n Y n CP violation
cos B3 cos oo p n I n extremely difficult




On Axis Beams:

® 28 GeV protons. | MW beam power. Horn focussed AL Wide Banc. Proton Eneray = 28 GeV
£ Distance = 1 km

® 500 kT water Cherenkov detector. :
‘%10

® baseline > 2500 km. WIPP, Henderson, Homestake E

ve/v“ =0.007




Why Broadband Beam?

observe multiple nodes
extraction of oscillating
signal from background.

larger energies

larger cross sections

less running time for

anti-neutrinos
Sensitive to different
parameters in different
energy regions:

si n226'13 + + -
sign(am®)) 0 0 ++
8cp + ++ +
solar ++ F +

=
—

Probability
5

o
(=]
o

0.07

0.06

0.05

0.04

0.03

ooz

0.01

v, =V, Oscillation

BNL-HS 2540 km, matter effects
SN2 13.23.13 = (086, 1.0, 0.04)
JAM 5, 5,2 = (7.3e-5, 2.50-3) eV’

Neutrino Running

5 -] T 8 9 10
1l E, (GeV)

e Many Off Axis experiments in one!




Deborah Harris, Neutrino Factory Physics Update

Why is v — v, at a v Factory Easy?

21

e Neutrinos/MW proton power cf conventional beams o (E,/15)?

e No Intrinsic v, in the beam, only ,’s
o Charge of Muon easier to measure than e /7" separation
e Detector Technology straightforward (see MINOS)

» Backgrounds at < 107 level, not few x1073

e Higher E means larger cross section,

more events.

e Higher E allows larger L for same E/L,
bigger matter effects (amplifies Pyt ).

Flux (x10"v/m?/MW) at experiment

Comparison of Fluxes
per MegaWatt
at each experiment:

— CERN SPL
— J—PARC 2°
— NuMl 15 mrad

/

4

10 1

T 10
Neutrino Energy (GeV)

Note v Factory flux
divided by 3
to fit on graph!




Conclusions:

the 015 window

IS a
WONDERFUL OPPORTUNITY:

e sin”#,3 # 0 Reactor and LBL needed.

e For Mass Hierarchy we need more than
one Off-Axis Exp. T2K 4+ "NuMI exp.”
OR an On-Axis Exp.

e CP violation: Need many events: this implies
Big detectors, Powerful Source, High Eff.
(also $$9%)

new technology needed




Star Trek: The Next Generation

The visor ‘‘sees”
Neutrinos!!!

Geordi La Forg:
in “The Enemy”’ ... but this requires special
New Physics !!!




Parameter Degeneracies:

Lo NOUA 10km: <E>=2.3GeV L=810km
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T2K:

T2K will operate at Vacuum Oscillation Maximum

P(,u — 6) — Patm - 2\/ PatmpsolSin5+Psol
at sin® 26,3 = 0.006

Potm = 4Psol
( Pyor = 0.1%) \
Therefore
P(6 =0) = 5P
P(0 = —%5) = 9P, half exposure required.
P(0 = %) = Py NO contribution from 613 !!!!
Also \
P(§ = —Z%)=5P,, when sin®20;3 = 0.003
P(5:%):5P80l

when sin? 2613 = 0.02
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